Comparison Of Decline Curve Methods For Unconvetional Gas Reservoirs by Orang, Ali Jahed
ISTANBUL TECHNICAL UNIVERSITY GRADUATE SCHOOL OF SCIENCE
ENGINEERING AND TECHNOLOGY
M.Sc. THESIS
September 2013
COMPARISON OF DECLINE CURVE METHODS FOR UNCONVETIONAL
GAS RESERVOIRS
Thesis Advisor: Assistant Professor Murat Çınar
Ali Jahed Orang
Department of Petroleum and Natural Gas Engineering
Petroleum and Natural Gas Engineering Programme
Anabilim Dalı : Herhangi Mühendislik, Bilim
Programı : Herhangi Program

September 2013
ISTANBUL TECHNICAL UNIVERSITY GRADUATE SCHOOL OF SCIENCE
ENGINEERING AND TECHNOLOGY
COMPARISON OF DECLINE CURVE METHODS FOR UNCONVETIONAL
GAS RESERVOIRS
M.Sc. THESIS
Ali Jahed Orang
(505101513)
Department of Petroleum and Natural Gas Engineering
Petroleum and Natural Gas Engineering Programme
Anabilim Dalı : Herhangi Mühendislik, Bilim
Programı : Herhangi Program
Thesis Advisor: Assistant Professor Murat Çınar

Eylül2013
İSTANBUL TEKNİK ÜNİVERSİTESİ  FEN BİLİMLERİ ENSTİTÜSÜ
ALIŞILAGELMEMİŞ GAZ REZERVUARLARINDA ÜRETİM DEBİSİ
AZALIM EĞRİSİ YÖNTEMLERİNİN KARŞILAŞTIRILMASI
YÜKSEK LİSANS TEZİ
Ali Jahed Orang
(505101513)
Petrol ve Doğal Gaz Mühendisliği Anabilim Dalı
Petrol ve Doğal Gaz Mühendisliği Programı
Anabilim Dalı : Herhangi Mühendislik, Bilim
Programı : Herhangi Program
Tez Danışmanı: Yrd. Doç. Dr. Murat Çınar

vAli JAHED ORANG, a M.Sc. student of ITU Institute of Science and technology
student ID 505101513, successfully defended the thesis/dissertation entitled
“COMPARISON OF DECLINE CURVE METHODS FOR
UNCONVETIONAL GAS RESERVOIRS”, which he prepared after fulfilling the
requirements specified in the associated legislations, before the jury whose signatures
are below.
Thesis Advisor : Assistant Professor Murat Çınar ..............................
Istanbul Technical University
Jury Members : Professor Abdurahman Satman .............................
Istanbul Technical University
Associate Professor Ayşe Kaşlılar ..............................
Istanbul Technical University
Date of Submission: 27 August 2013
Date of Defense: 03 September 2013
vi
vii
To my Dear Parents,
viii
ix
FOREWORD
Firstly and foremost, I would like to express my deepest gratitude to Assistant Professor
Murat Çınar, my research supervisor to patient and kindly help in this study.
Finally, I wish to thank my family, in particular my parents, for their endless love and
support during my whole life.
September 2013 Ali Jahed ORANG
x
xi
TABLE OF CONTENTS
Page
FOREWORD ........................................................................................................ ix
TABLE OF CONTENTS...................................................................................... xi
NOMENCLATURE............................................................................................ xiii
LIST OF TABLES................................................................................................xv
LIST OF FIGURES ........................................................................................... xvii
SUMMARY..........................................................................................................xxi
ÖZET ................................................................................................................ xxiii
1. INTRODUCTION...............................................................................................1
2. RESERVE ESTIMATION METHODS.............................................................7
2.1 Volumetric ......................................................................................................7
2.1.1 Deterministic Method ...............................................................................7
2.1.2 Stochastic Method ....................................................................................8
2.2 Analogy...........................................................................................................8
2.3 Decline Curve Analysis ...................................................................................9
2.4 History Matching...........................................................................................10
3. DECLINE CURVE ANALYSIS ......................................................................11
3.1 Hyperbolic Model .........................................................................................12
3.2 Stretched Exponential Model.........................................................................12
3.3 Doung Model ................................................................................................14
3.4 Logistical Growth Model...............................................................................15
4. SYNTHETIC DATA ANALYSIS ....................................................................17
4.1 Synthetic Case 1............................................................................................17
4.2 Synthetic Case 2............................................................................................21
4.3 Synthetic Case 3............................................................................................24
5. FIELD CASES ..................................................................................................29
5.1 Field Example — Gas Well 1 ........................................................................30
5.2 Field Example — Gas Well 2 ........................................................................34
5.3 Field Example — Gas Well 3 ........................................................................37
5.4 Field Example — Gas Well 4 ........................................................................41
5.5 Field Example — Gas Well 5 ........................................................................44
5.6 Field Example — Gas Well 6 ........................................................................47
5.7 Field Example — Gas Well 7 ........................................................................51
5.8 Field Example — Gas Well 8 ........................................................................54
5.9 Field Example — Gas Well 9 ........................................................................57
6. CONCLUSIONS AND RECOMMENDATIONS............................................61
REFERENCES .....................................................................................................63
APPENDICES.......................................................................................................65
APPENDIX A.....................................................................................................66
APPENDIX B.....................................................................................................67
CURRICULUM VITAE.......................................................................................69
xii
xiii
NOMENCLATURE
qi : initial production rate in hyperbolic model, SCF/D
q : production flow rate SCF/D
b : derivative of loss ratio in hyperbolic model, dimensionless
D : 1/loss ratio, D-1
t : time, D
n : exponent in Stretched Exponential model, Dimensionless
τ : time exponent in Stretched exponential model, dimensionless
Np : cumulative oil production, STB
Gp : cumulative gas production, SCF
Di : initial decline constant for exponential and hyperbolic models, D-1
q0 : maximum monthly production rate in Str, SCF/D
q1 : rate at day 1 in Doung model, SCF/D
q3ma : best three month average in Doung model, SCF/D
qmax : maximum rate in Doung model, SCF/D
tmax : time at maximum flow rate, D
aDng : intercept constant in Doung model, D-1
m : slope in Doung model, dimensionless
KLGM : carrying capacity in logistical growth, SCF
aLGM : constant number in logistical growth, dimensionless
Pi : initial pressure, psi
Pbh : bottom hole pressure, psi
ΔPppt : Pseudo pressure drop, psi
PRMC : Petroleum Resources Management System
EIA : Energy Information Administration
CBM : Coal Bed Methane
TOC : Total Organic Carbon
OWC : Oil Water Contact
DCA : Decline Curve Analysis
EUR : Estimated Ultimate Recovery
SEPD : Stretched Exponential Production Decline
TCF                : TrillionCubic Feet
WEC : World Energy Council
OIP : Oil In Place
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Unit Conversion Table
Field units SI units
1 SCF 0.02837 m3
1 ft 0.3048 m
1 bbl 0.1589 m3
1 psi 6894.7 Pa
1 Day 24 hr
1 md 9.869e-16 m2
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COMPARISON OF DECLINE CURVE METHODS FOR
UNCONVENTIONAL RESERVOIRS
SUMMARY
In recent years increasing demand of oil and gas evoked the development of
unconventional energy resources especially tight gas and shale. Unconventional
resources exist in hydrocarbon accumulations that are pervasive throughout a large
area. Such accumulations require specialized extraction technology and in the case of
oil, raw production may require significant processing prior to sale.
Tight gas reservoirs have such a low permeability that huge hydraulic fracturing is
necessary to produce a well at economic rates. Tight gas reservoirs by  definition
have permeability less than 0.1 mD (0.9869×10-15 m2) and porosity less than 10
percent. Shale gas is another unconventional source of gas which have low
permeability(~10-6mD, ~0.9869×10-20 m2) and low effective porosity. Shale gas is
usually considered separate from tight gas, which is usually found in sandstone, and
sometimes in limestone. Tight gas and shale gas are considered an unconventional
source of natural gas.
Production mechanism from these hydrocarbon resources differs from conventional
sources. The interaction between these mechanisms changes the reservoir decline
shape. Becuase permeability of these reservoirs are very low, time to reach pseudo
steady state is very long compared to conventional reservoirs. At first, gas is
produced from fracture network system and then matrix starts to contribute to
production. This is the reason why early time production rate decline is more than
usual, because transfer capacity of fracture is higher than pores. When gas
production comes from the pores, descending trend will be less than fracture.
Eventually, gas desorption begins and production stabilizes.
For a long time unconventional gas reservoirs have been thought too complicated to
produce because of very low permeability of these reservoir systems; however,
recent advances in the fracturing technology lead the way for the exploitation of
these reservoir systems. In particular, production from the unconventional reservoirs
such as tight gas, coalbed gas, shale gas, and tight oil, has increased in the recent
years. Due to large amount of these resources the expected production from these
reservoirs are high, thus trustable methods are needed for prediction of producible
portion of hydrocarbon in place.
Therefore, estimation of hydrocarbon in place is one of the important issues
regarding unconventional resources. Different methods are used to forecast
production and estimate reserves in conventional reservoirs. For unconventional
reservoirs these basic methods with some changes can be useful either.
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Among conventional methods, Decline Curve Analysis (DCA) is the method which
is scrutinized in this thesis in four different ways. The DCA method is to predict
future performance of the reservoir by matching the observed trend of the production
decline with one or several standard mathematical methods of the production rate-
time. The DCA methods considered in this study are:
• Hyperbolic
• Stretched exponential
• Doung Model.
• Logistical Growth Model
In this thesis all these four methods are discussed by written scripts in MATLAB
(2010). The results are compared with field data from 9 wells and 3 synthetic cases
generated using ECRIN (2012) software. The written codes simulate the flow rates
using summurized mathematical models. Cumulative production is calculated for
each flow rate model and all the outputs are compared on a well basis.
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ALIŞILAGELMEMİŞ GAZ REZERVUARLARINDA ÜRETİM DEBİSİ
AZALIM EĞRİSİ YÖNTEMLERİNİN KARŞILAŞTIRILMASI
ÖZET
Son yıllarda petrol ve doğal gazdaki talep artışı özellikle düşük geçirgenlikli gaz ve
şeyl gazı gibi alışılagelmemiş enerji kaynaklarının geliştirilmesine yol açmıştır.
Alışılagelmemiş kaynaklar geniş alanlara yayılmaktadırlar. Bu kaynakların üretimi,
özel üretim teknikleri gerektirmekle birlikte, özellikle petrol kaynakları
değerlendirildiğinde, satış öncesi çok fazla işlenmeyi gerektirmektedir.
Düşük geçirgenlikli gaz rezervuarlarının geçirgenlik değerleri, hidrolik çatlatma
olmadan üretimin ekonomik değerlere ulaşmasını mümkün kılmamaktadır. Tanım
gereği bu tip rezervuarların geçirgenlik değerleri 0.1 mD’den (0.9869×10-15 m2)
gözeneklilik değerleri ise yüzde 10’dan küçüktür. Şeyl rezervuarları geçirgenliği
(~10-6 mD, ~0.9869×10-20 m2) ve efektif gözenekliliği düşük diğer bir gaz
kaynağıdır. Genellikle kumtaşlarında ve bazen de kireç taşlarında bulunan şeyl gazı,
genelde düşük geçirgenlikli gaz rezervuarlarından ayrılır.  Düşük geçirgenlikli gaz ve
şeyl rezervuarları alışılagelmemiş rezervuarlar sınıfına girmektedir.
Bu tip hidrokarbon rezervuarlarının üretim mekanizması alışılagelmiş kaynaklardan
farklılık gösterir. Değişik üretim mekanizmalarının birbirleri ile olan etkileşimi
rezervuarın üretim azalım şeklini değiştirmektedir. Bu tip rezervuarların
geçirgenliklerinin çok düşük olmasından dolayı yarı kararlı akışa geçiş süreleri
alışılagelmiş rezervuarlar kıyaslandığında çok uzundur. İlk olarak gaz çatlak
sisteminden üretilir ve ardından matris üretime katkıda bulunur. Erken zamanlarda
üretim azalım hızının normalden fazla olmasının nedeni çatlak transfer kapasitesinin
gözeneklere kıyasla yüksek olmasıdır. Gaz üretimi gözeneklerden olmaya
başladığında, azalım eğilimi çatlaklara kıyasla az olur. Nihayetinde, gazın yüzeyden
salınımı başlar ve üretim istikrara kavuşur.
Uzun bir süre alışılagelmemiş rezervuarların üretiminin çok düşük
geçirgenliklerinden dolayı çok zor olduğu düşünülmekteydi; fakat, çatlatma
teknolojisindeki son yıllardaki gelişmeler, bu rezervuar sistemlerinden
faydalanmanın önünü açmıştır. Özellikle, düşük geçirgenlikli gaz, kömür gazı ve şeyl
gazı gibi alışılagelmemiş rezervuarların üretimi son yıllarda artmıştır. Bu kaynakların
miktarlarının büyüklüğü, beklenen üretimin fazla olmasını beraberinde getirmiştir.
Sonuçta, bu tip kaynaklar için yerinde hidrokarbon miktarının üretilebilir kısmının
güvenilir tahminlerini yapabilecek metotların geliştirilmesi ihtiyacı doğmuştur.
Dolayısıyla, alışılagelmemiş rezervuarlarda yerinde hidrokarbon miktarının
üretilebilir kısmının hesaplanması önemli bir problem teşkil etmektedir.
Alışılagelmiş rezervuarlarda üretim ve rezerv tahmini için farklı yöntemler
kullanılmaktadır. Alışılagelmemiş rezervuarlar için de yine aynı yöntemler bazı
değişiklerle kullanılır.
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Alışılagelmiş yöntemler arasında, üretim debisi azalım eğrisi analizi bu çalışmada
dört ayrı yöntemiyle irdelenmiştir. Bu yöntem, üretim eğrisi azalımında gözlemlenen
eğilimlerin bir veya birden fazla matematiksel metotla çakıştırılarak, gelecek
performansının tahmininde kullanılmasıdır. Bu çalışmada değerlendirilen üretim
debisi azalım yöntemleri şunlardır:
• Hyperbolic
• Stretched exponential
• Doung Model.
• Logistical Growth Model
Bu tezde bu dört yöntemin tamamı MATLAB (2010) yazılımında yazılan
programlarla değerlendirilmiştir. Sonuçlar dokuz kuyunun saha verileri ve ECRIN
(2012) yazılımında üretilen 3 sentetik örnek ile karşılaştırılmıştır. Yazılan programlar
akış debilerini, özetlenen matematiksel modeller ile simule etmektedir. Kümülatif
üretim değerleri her model için hesaplanmış ve çıktılar kuyu bazında
karşılaştırılmıştır.
Burada hiperbolik yöntem iki farklı şekilde uygulanmıştır. Birincisi alışılageldiği
gibi verilere en küçük kareler yöntemi iler modelin çakıştırılması ve bir set parametre
elde edilmesidir. Bu yöntem çalışma içinde LSQ olarak isimlendirilmiştir. Bir diğer
yaklaşım ise parametrelerin her noktada hesaplanmasıdır. Bu yöntem de çalışma
içinde Hyp olarak isimlendirilmiştir. Bu yaklaşımın amacı alışılagelmiş şekilde
uygulandığında, bu tip rezervuarlar için, hiperbolik yöntemin yanıltıcı sonuçlara yol
açmasıdır.
Kuyuların tanısal analizi yapılırken basınç verileri, debi verileri ile normalize edilmiş
ve hesaplanan değerlerin zamansal logaritmik türevleri hesaplanmıştır. Sayısal türev
alma işleminin, bilindiği gibi, verilerdeki ölçüm hatalarına hassasiyeti yüksektir. Bu
nedenle Apendis A’da anlatıldığı gibi veriler bu hesaplamalar öncesinde işlenmiş ve
ayıklanmıştır. Debi ile normalize edilen basınç değerleri bu yöntem ile elenen veriler
üzerinde uygulanmıştır. Üretim debisi azalım analizleri ise orijinal veriler üstünde
uygulanmıştır.
Alışılagelmemiş gaz rezervuarlarının en önemli ortak noktalarından biri düşük
geçirgenlik değerleridir. Düşük geçirgenlik değerine sahip sistemlerin ise sınır
etkilerini hissetme süreleri kuyuların pratik ömürlerinin üzerindedir. Sentetik
örnekler de görüldüğü üzere geçirgenlik değeri 0.001 mD (0.9869×10-17 m2) olan
alışılagelmiş bir rezervuar sistemi için sınır etkilerinin hissedilmesi yaklaşık 3500
yılı almaktır.
Üretim debisi azalım eğrisi yöntemleri alışılagelmiş olarak ancak verilerin sınır
etkilerini hissettikleri yarı kararlı akış bölgesine uygulanabilir. Hiperbolik yöntem,
sınır etkilerinin henüz hissedilmediği kararsız akış verilerine uygulandığında elde
edilen parametreler fiziksel sınırların dışında kalır. Alışılagelmemiş rezervuarların
kararsız akış rejiminde oldukları düşünüldüğünde bu yöntemlerin uygulanmasındaki
sıkıntılar daha iyi anlaşılır.
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Çalışmada dokuz kuyunun saha verileri incelenmiştir. Tanısal grafikler bütün
kuyularda hidrolik çatlaklı sistemleri işaret etmektedir. Kuyuların bir kısmında
sözde radyal akış (pseudo radial flow) görülmüş, bütün kuyuların geç zamanlarında
debi ile normalize edilmiş basınç düşümünün türevinin eğiminin iki olduğu
gözlemlenmiştir. Ancak, geç zamanlarda iki eğim veren bir matematiksel model
mevcut değildir. Bu eğim kuyu dibi basınçlarındaki değişimlerden
kaynaklanabileceği gibi bu tip kuyular için farklı bir matematiksel model gerektiğine
işaret de edebilir.
Değerlendirilen yöntemler karşılaştırıldığında herhangi birinin diğerinden daha iyi
olduğunu söylemek güçtür. Bu karşılaştırmalar yapılırken kriter olarak R2
(coefficient of determination) kullanılmıştır. R2 değeri bir modelin veri setine ne
kadar uyum gösterdiğinin bir ölçüsüdür. R2 değeri bire ne kadar yakında uyum o
kadar iyidir. Değişik yöntemlerin R2 değerleri birbirine çok yakındır. Yöntemlerin
veriler ile uyumu benzerdir.
Bu çalışmaya dayanarak gelecek araştırmalara yol göstermesi amacıyla aşağıdakiler
önerilmiştir.
 Kuyu dibi basıncındaki değişimlerin, üretim debisi eğrisi azalım yöntemlerine
etkileri incelenmelidir.
 Tanısal grafiklerin geç zamanlarda gösterdiği iki eğim, yeni bir matematiksel
modele işaret ediyor olabilir. Bu gözlemler dahilinde, bu tip rezervuarlar için
yeni bir matematiksel model geliştirilebilir.
 Alışılagelmemiş gaz rezervuarlarının hiperbolik yöntemle analizinde
parametrelerin zamanla değişimi göz önüne alınmalıdır. LG modeli bu
değişimleri kapsayacak şekilde modifiye edilebilir.

11. INTRODUCTION
Unconventional gas resources such as coalbed methane, shale gas, and tight gas have
become an important source of gas in recent years. Unconventional resources are
described as hydrocarbon accumulations that are difficult to extract and characterize
with conventional methods.
In this section we explain unconventional reservoirs and growing importance of them
in recent years for petroleum industry. The main characteristics of unconventional
gas reservoirs are lower permeability and accordingly unique flow behaviour in
comparison with conventional reservoirs.
Unconventional resources exist in hydrocarbon accumulations that are pervasive
throughout a large area. Such accumulations require specialized extraction
technology and in the case of oil, raw production may require significant processing
prior to sale.
It is easier to observe the trends in petroleum industry by investigating the U.S.
production data that is readily available. In recent years, there was an increase in
total natural gas production in the United States reaching 23 TCF (6.51x1011 m3) in
2011. Contribution of shale gas in total natural gas production was 7.86 TCF
(2.22x1011 m3) which constitutes 34% of U.S. total natural gas production. In
addition,tight gas production was 5.86 TCF (1.66x1011m3) with 25% of net
production and contribution of coal bed methane was 1.71 TCF (4.84x1010 m3) with
7.43% of total 23 TCF (6.51x1011 m3) (EIA, 2013).
Figure 1.1 shows dry natural gas production in the U.S. between 1970 and 2012. In
past years (1990-2006), annual production of natural gas plays around 18 TCF
(5.09x1011 m3) and most of it backed to onshore conventional reservoir. In this period
offshore production, decreased slowly and tight gas reservoirs took their place in
production chart. After 2006, when shale gas production began, tight gas and onshore
conventional reservoirs hold their numbers but offshore production reached to coal
bed methane level in production chart. The increasing trend due to the production of
2unconventional resources is clearly visible in Figure 1.1 with the break at about
2006. After 2006, shale gas production increased rapidly and not even compensated
this decrease but also increased total production rate.
Figure 1.1: U.S. historic dry natural gas production between 1970-2012 (EIA, 2013).
According to the EIA (2013), it is expected that United States will have 44 percent
increases in natural gas production from 2011 to 2040 due to the increase in
production from shale gas, tight gas and coal bed methane. Shale gas has 50 percent
increase that is the greatest number in front of tight gas and coal bed methane having
25 and 24 percent, respectively.
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Figure 1.2: The U.S. Natural gas production by source between 1990 - 2001 and
1990-2040 forecast (EIA 2013).
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3Estimations for 3 decade ahead show a great number for shale gas production in
United States and give the first place for this type of reservoirs in production. These
estimations refer to projections that planned for future. It is expected that shale gas
production will reach to 16.7 TCF (4.72x1011 m3) at the 2040. Second place belongs
to tight gas that estimated to hold the number of 7.34 TCF (2.07x1011 m3) for 3
decades. Figure 1.2 shows the expected gas production for the U.S. in the period
2011-2040 (EIA, 2013).
Industry analysts project that unconventional liquid reservoirs may contain 5.8
trillion barrels-initial-in-places (9.2x1011 m3) (WEC, 2010). The in-place estimates
for unconventional gas accumulation ranges over 30,000 TCF (8.49x1014 m3) versus
2,800 TCF (7.92x1013 m3) produced to date (WEC, 2010).Besides current trends and
future projections, large volumes of petroleum exist in unconventional reservoirs but
their commercial recovery often requires the combination of improved technology
and higher product prices.
Figure 1.3 presents the concept of resource triangle (Masters, 1979; Holditch, 2006)
which shows how hydrocarbon resources of all types are distributed based on the
volume and simplicity of extraction. At the lower side of this triangle reside low
quality reservoirs that require advanced technology of extraction. Toward upper part,
conventional high quality reservoirs are placed. In comparison with the upper side of
the triangle lower side contain larger volumes of resources in place. When compared
to conventional resources production of unconventional reservoirs need higher oil
prices to be economically feasible and more advanced technology to be technically
feasible.
On the top of this triangle there are conventional high quality reservoirs that are
produced by conventional techniques. Produced hydrocarbons from these reservoirs
cost less to come to the standard form of sale. By moving downward there are low
permeable reservoirs such as tight gas resources production of which needs hydraulic
fracturing. Below these reservoirs, there are reservoirs need higher price and
technology rather than reservoirs like tight gas. In this range,for the production of
heavy oils heating processes should be applied. At the bottom of triangle, oil shales
and gas hydrates reside. Oil shales estimated to have total deposit of 2.8 trillion
barrels (4.45x1011 m3) based on exploration projects that done all over the world
4(Khaled, 2012). Nevertheless, production procedure is more complicated than other
reservoirs.
Figure 1.3: Resource triangle for classification of hydrocarbon resources (Masters
1979; Holditch 2006).
Because of the challenges encountered in extraction of shale and tight gas reservoirs,
these resources were not economic to produce before, but today with aids of
advanced technology, these abundant reservoirs changed to potential and then
quickly being turned into reserves. U.S. natural gas proved reserves reached to 317
TCF (8.976x1012 m3) at the end of 2010. Shale gas proved reserves was 97.4 TCF
(2.75x1012 m3) at the end of 2010 and production also increased to 5.3 TCF (1.5x1011
m3) (EIA, 2011).
Resources in place, low permeability values strictly limits the production from these
unconventional resources. Production from the unconventional reservoirs such as
tight gas sands, coalbed gas, shale gas has increased in last recent years due to the
advances in fracturing technology. Increased production form these sources made
advanced technology of hydraulic fracturing (multi-stage fracturing of horizontal
wells) available at a lower cost.
In low permeability reservoirs if a fracturing system not exist, production of these
reservoirs are not economic. For this reason, horizontal wells are drilled in line with
pay zone for hundreds of meters and low permeable rock connected to well by series
of hydraulic fractures. This is called multi-stage fracturing used in these situations.
5Multi-stage fracturing stimulation systems is fracturing and stimulation of multiple
stages in a single continuous operation.
Other than low permeability these unconventional reservoirs have, trapping
mechanism is one of the other major factors affecting the production characteristic of
these reservoirs.  In conventional reservoirs, buoyancy and hydrodynamic forces are
responsible for the trapping of hydrocarbon but for unconventional reservoirs,
mechanism explained below involves.
 Coal Bed Methane (CBM) is adsorbed gas into micro size pores and released
when pressure difference occurs. Light hydrocarbons stored in pores of coal
in near liquid state and by dropping pressure gas in coal start to flow through
fracture.
 Shale gas is natural gas that trapped inside clay particles and other solid
hydrocarbons. Shale formations that contain natural gas need large fracturing
system produce economically. Pressure difference between pores and fracture
causes gas production from pores to wellbore through fractures.
 Tight gas is low permeability reservoir. There is doubt about trapping
mechanism of these reservoirs. In past years, they classified in low quality
conventional reservoirs but now because the mechanism of production is
unknown they are inserted into unconventional resources group (Elliot,
2008).
 Bitumen has high viscosity and cannot move to well naturally. Thermal
procedures are needed for the production.
For the abovereservoirs, recovery processeswere developed to some extent but there
are other reservoirs recovery processes of which have not been developed yet. Those
are,
 Oil shale is hydrocarbon polluted sedimentary rock. Hydrocarbon is usually
in kerogen type and extraction of oil from them is not economic. Oil shale
produces from two ways. First way is above ground process which shale
extracted by mining and transferred into facilities for further processing.
Second way is underground heating which produces oil from wells.
6 Methane hydrates are trapped methane molecules inside ice crystals.
Recovery mechanisms from these reservoirs are not very well understood. It
is estimated that these reservoirs contain hydrocarbon much more than all
other sources combined (Elliot, 2008).
It is known that large amounts of hydrocarbon reside in the Earth’s crust in the form
of unconventional resources. Production from these resources depends on economic
conditions. When economic conditions are mature enough, new technology that is
needed to extract these resources becomes available at a lower cost. With the
production from these resources, new tools and analysis techniques need to be
developed.
Accordingly, development of unconventional gas reservoirs unlocked an issue of
unconventional reserve estimation. The unconventional production characteristics of
these reservoirs made it difficult to use conventional production analysis techniques.
Intention of this study is to investigate decline curve methods for the analysis of tight
gas reservoirs.
72. RESERVEESTIMATION METHODS
Different methods are used to forecast production and estimate reserve in
conventional reservoirs. For unconventional reservoirs, these basic methods with
some changes can be useful either. Here we discuss some methods:
 Volumetric
 Analogy
 Decline Curve Analysis
 History Matching
 Material Balance
2.1 Volumetric
The volumetric methods of reserve estimation are divided into deterministicand
probabilistic (stochastic) methods.
2.1.1 Deterministic Methods
The principle of a deterministic approach to resources/reserve estimates is to
"upscale" the information derived from the wells supported by seismic survey, into
the inter-well space by using an interpolation technique.
Consider a reservoir, which is initially filled with liquid oil. The oil volume in the
reservoir (oil in place, OIP) is,
wc(1 S )OIP V   (2.1)
Where
V = Rock volume (ft3)
Φ = Rock porosity (Dimensionless)
Swc = Connate Water Saturation
In Eq. (2.1), the parameters V,Φ and Swc are determined by petrophysical analysis.
8The net bulk volume, V, is obtained from geological and pressure transient analysis.
Geologists provide contour maps of the top and base of the reservoir. Such maps
have contour lines drawn for every 50 feet, or so, of elevation and the problem is to
determine the level at which the oil water contact (OWC) is to be located.
Measurement of the enclosed reservoir rock volume above this level will then give
the net bulk volume, V.
On the other hand, for unconventional gas reservoirs, there are two important kinds
of problems regarding in-place gasvolume estimates. (1) In tight gas reservoirs, it can
be difficult to estimate the areal extent of the reservoir. (2) In gas shale resources,
estimate of in-place adsorbed gas on organic matter may be reliable, but additional
gas volume in pore spaces can be difficult to estimate accurately.
In both tight gas reservoir and gas shale, the most difficult problem is estimating gas
in place rather than the recoverable fraction. Because of the low permeability of
these kinds of reservoirs, it is quite possible that wells will not recover gas from the
full extent of their spacing units. The area drained is strongly influenced by the
number and size of the stimulation treatments on the wells.
2.1.2 Stochastic Methods
The other volumetric approach is probabilistic estimation of resources/reserves,
which takes into account the uncertaintyassociated with the estimated parameters.
Similar to conventional resources evaluations, the key parameters are modeled with
mathematical distributions and combined in Monte Carlo simulations to derive a
resulting distribution of gas/oil in place. In case of shale gas, key inputs may include
total organic carbon (TOC), porosity, matrix and sorbed gas saturation.
2.2 Analogy
Analogy is used as an initial guess for the reserves estimation and production
forecasting. Another producing reservoir with comparable characteristics can be used
as a possible analogue for the reservoir under consideration, either by a direct well-
to-well comparison or on a unitrecovery basis. This is done by determining an
average oil or gas recovery per well in the analogue reservoir (e.g., 100,000 bbl/well)
and applying a similar or adjusted recovery factor to the wells in the reservoir
9considered. The unit-recovery approach refers to a recovery calculated in barrels per
acre-foot or Mcf per acre-foot (1 acre foot = 1233 m3).
In analogy approach, one has to consider similarities of well spacing, reservoir rock
litho-facies, rock and fluid properties, reservoir depth, pressure, temperature, pay
thickness and drive mechanism. All possible differences between the analogue
reservoir and the reservoir in question need to be considered to make a realistic
adjustment of the recovery estimates.
The use of an analogy may be the only method available to estimate the reserves in a
situation where there are no solid data on well performance or reservoir
characteristics. However, an analogy-based approach is also the least accurate and
least reliable method of petroleum reserve estimation, simply because perfect
analogues can rarely be found. It can be used for both conventional and
unconventional reservoirs.
In analogy,one should consider three important points: (1) The analog must be at
more advanced stage of depletion than the target well or reservoir. (2) The
completion techniques must be the same, and (3) taken together, properties
controlling recovery must be no more favorable in the analog than in the target well
or reservoir.
2.3 Decline Curve Analysis
The DCA method is to predict future performance of the reservoir by matching the
observed trend of the production decline with one or several standard mathematical
methods of the production rate-time (hyperbolic, harmonic, exponential, etc.). If
successful, such a performance analysis allows estimation of both reserves and future
performance of a reservoir. Note that decline curve analysis is applied in the
boundary dominated region.
The following "decline curves" are commonly used in the DCA:
– Production rate vs. time.
– Production rate vs. cumulative oil production.
– Water cut vs. cumulative oil production.
– Gas-oil ratio vs. cumulative production.
– Percentage oil production vs. cumulative oil production.
– The (p/z) ratio vs. cumulative gas production.
10
2.4 History Matching
Production data is matched with numerical and analytical models that are available
through commercial softwares. With data that given from well analysis we can find
some characteristics of reservoir and use them to forecastfuture production history.
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3. DECLINE CURVE ANALYSIS
The Arp’s relations (Arp, 1945), (hyperbolic and exponential relations) have been the
standard for evaluating estimated ultimate recovery (EUR) in petroleum engineering
applications for more than 85 years.
We note that the "modified hyperbolic" relation (matching hyperbolic trend line for
early time and exponential trend line for remaining times) can be used to get better
results in prediction of EUR and production rate extrapolation.
Many authors tried to represent the general behavior of time-flowrate for ultra-low
permeability cases with fracture system for vertical wells. These developments
include the following time-rate relations:
 Power-Law Exponential Model (PLE) (Okouma et al., 2012),
  exp ni iq t q D t D t     (3.1)
 Stretched Exponential Model (SE) (Valko and Lee, 2010),
   exp / niq t q t     (3.2)
 Modified-Hyperbolic Relation (Lee and Sidle, 2010),
1/( ) (1 )
i
b
i
q
q t
bD t


(3.3)
 Doung Model (Doung, 2010),
   
 1
1 exp 11
DngDng mm Dng
Dng
a
q t q t t
m

 
       
(3.4)
 Logistical Growth Model (LGM) (Spencer and Coulombe, 1966),
   
 1
2
. . .
LGM
LGM
n
p LGM LGM LGM
n
LGM
dG t K n a t
q t
dt a t

 
  
(3.5)
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3.1 Hyperbolic Method
Arp’s (Arp, 1945) decline curves have three different forms: hyperbolic, exponential,
and harmonic. They have the general form:
  1/
1
1
i b
i
q q
bD t


(3.6)
For 0 <b< 1, is called the hyperbolic decline equation. For the special case when b =
0, the equation assumes the form:
 iD t
iq q e
 (3.7)
This form of decline is called exponential decline. For the special case b = 1, Arp’s
equation has the form
 
1
1i i
q q
D t


(3.8)
This form is called harmonic decline. In Eq. 3.8, qi is thelargest production rate that
trend starts with. We recall the historic definition of “loss ratio” and “loss ratio
derivative”. Loss ratio is defined as,
 
 
1
/
q t
D dq t dt
  (3.9)
The derivative of the loss ratio is simply parameter b.
 
 
1
/
q td db
dt D dt dq t dt
          
(3.10)
When Arp’s hyperbolic decline equation is applied to unconventional gas reservoirs,
for some of the cases best fits require value of b to be greater than one. It turns out
that value of b equal to or greater than unity can cause the reserve derived using
Arp’s decline equation to have physically unreasonable properties. Thus, for b≥ 1,
cumulative production increases without limit as time increase. Therefore, one
should not accept b≥ 1, as the reservoir becomes unbounded which is not physical.
3.2 Stretched Exponential Model
Valko and Lee, (2010) represented a new procedure for Stretched Exponential
Production Decline (SEPD) where parameters are estimated by solving two nonlinear
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equations. Compared to Arp’s formulation, the SEPD offers numerous advantages,
such as there will be never seen power parameter greater than one.
Table 3.1 Differences between Stretched Exponential and Arp’s Hyperbolic Models.
Stretched-Exponential
Decline Model Relation
Arp’s Hyperbolic Decline
Relation
Rate Relation    exp / niq t q t       1/
1
1
i b
i
q q
bD t


Rate Cumulative
Relation 0
1 1
,
nq tQ
n n n


                     
 
 110 1 1
1
b
i
i
qQ bD t
b D
         
,
limp tN Q  0
,
1
P
qN
n n


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,
1
,1 0
, 1
i iP
b
D D bN
b

     
 
In the Arp’s formulation when b is equal to zero model changes to exponential
decline. For large values for b depletion rate becomes slower in Arp’s equation and
also for values larger than one the EUR becomes infinite which is non-physical. This
problem solved by SEPD. For instance, the n parameter assumes a value between
zero and one for all possible depletion rates. In contrast with Arp’s formulation, the
exponential decline is represented by setting n equal to one in the SEPD. As
depletion gets slower, n becomes slower too. Although SEPD yields a decline
behavior similar to hyperbolic relation at early times, its behavior at late times
reveals its bounded nature.
The next task is setting up the parameters. First, we need to estimate the cumulative
production ratios as given by Eq. 3.11.
sec
21 31,
ond year third year
first year first year
Q Q
r rQ Q
 
 
  (3.11)
Then, by solving Eqs. 3.12 and 3.13 together, n and τ are estimated.
21
1 1 24
,
1 1 12
,
n
n
n n
r
n n


               
              
(3.12)
31
1 1 36
,
1 1 12
,
n
n
n n
r
n n


               
              
(3.13)
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Now our goal is to estimate q0. Several methods may be used for obtaining this
parameter in SEPD. In this method, q0 is considered as the maximum monthly
production rate of a well, which is read from data.
3.3 Doung Model
The third method considered in this study is Doung’s method (Doung, 2010).If
fracture flow regime is prolonged over the life of a well, the gas flow rate q will be:
1
nq q t (3.14)
Here n is ½ for linear flow, ¼ for bilinear flow, and q1 for the flow rate at 1 day. For
better acting, q and q1 can be plotted versus Gp (cumulative gas production) on log-
log scale to reach the slope m and intercept of a. then we have
m
p
q
at
G
 (3.15)
From the derived equations, there is a relation between q and q1 as
 1 11
1
ma t
m m
q
t e
q
   (3.16)
Also for cumulative gas production versus q1 we have
 1 11 1
ma t
m
p
qG e
a
 
 (3.17)
The following steps summarizethe application of Doung’s method:
 Data check and correction: The flowrate data should be checked for
irregular decline behaviors and filtration should be applied.
 aDng and m determination: A log-log plot of q/Gp versus time should be
plotted to determined aDng and m values. A straight line, which crosses the
data points, has slope of m and intercept of aDng. The coefficient of
determination (R2 value) is used to determine the best fit of data. An R2 value
over 0.95 recommended.
 Rate forecast: To obtain q1 gas flow rate should be plotted against t(aDng,m).
Here t function is part of q equation that changes with aDng, m and time on
Eq. 3.15. This plot gives a straight line through the origin with slope of q1. In
addition to q1, two other flow rates can be more trustable. First flow rate is
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qmax that is the maximum flow rate during the production period. The tmax
which shows the time of qmax where m is greater than 1 is calculated by,
1
1
max
m
Dng
m
t
a
 
   
 
(3.18)
and
1
1
max
Dng
m
m a
m
Dng m
a
q q e
m


 
  
 
(3.19)
The other flow rate is q3ma, which is three month average flow rate if tmax is
less than 45 days.
  190 11 1
3 3
Dng ma
m
ma
Dng
q
q e
a
 
 (3.20)
And cumulative production,
1 190
1
33
Dng m ma t
m
p maG q e
    (3.21)
If either value of q1, qmax or q3ma is known, reserve evaluations can be
established for any individual wells, or group of wells, development area or
play with a given set of a and m. The q3ma is preferred since it gives a longer
well production performance and hence is more reliable.
Eq. 3.22 gives the cumulative production at a given time.
 1 11 1
Dng ma t
m
p
Dng
qG e q t
a
 

  (3.22)
where q∞ is the rate at infinitive time, so it can be zero, positive or negative.
3.4 Logistical Growth Model
Logistical growth is a mathematical model used to forecast growth in every
population (Kingsland, 1995). This model equation has a term referred to as the
“Carrying Capacity”. This carrying capacity is the maximum size a population can
grow to, at which point the size of the population will stabilized and the rate of
growth will terminate. The Logistical growth models have come to use in different
fields for numerous applications. They have been used previously in the petroleum
16
industry in the form of Hubbert’s model (Hubbert, 1956). This model was used to
forecast production for entire fields or entire production regions. The model being
used here as to forecast production is for a single well. For the purpose of forecasting
production in oil and gas wells, the model was adapted after empirical analysis by
Spencer and Coulombe (1966). The resulting form is given in Eq. 3.23.
 
LGM
LGM
n
p n
LGM
KtG t
a t


(3.23)
The logistical growth model is as the name implies a growth equation. In this case,
the growth is cumulative oil or gas production. The derivative with respect to time is
taken to obtain the rate form.
 
1
2( )
LGM
LGM
n
p LGM
n
LGM
dG Kn atq t
dt a t

 

(3.24)
The first step in the analysis involves using non-linear regression to obtain the
parameters. If the carrying capacity is known ahead of time this can be used to obtain
the two remaining parameters, and if it is not known, then all three may be obtained
with this method.
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4. SYNTHETIC DATA ANALYSIS
In this section, synthetic data is generated using Ecrin (2012) software for assumed
reservoir models. Ecrin software suite provides different tools for the analysis of the
data. In this study, we used Ecrin-Saphir for the synthetic data generation and Ecrin-
Topaze for the production analysis. The Decline Curve Methods considered in this
study are applied to these cases. The behavior of models are observed for known
reservoir – well configurations. The results are discussed and an insight for the
application of the models is gained.
4.1 Synthetic Case 1
In this example, a vertical well in an infinite acting reservoir is considered. In the
analytical model, wellbore storage and skin are neglected. The well is produced at a
constant bottom-hole pressure and flow rates are calculated. Table 4.1 gives the
parameters considered. Synthetic data are generated considering both oil and gas
reservoirs.The data are analyzed using hyperbolic model. The idea behind this
example is to observe the changes in parameters b and D of hyperbolic model in an
infinite acting system. At each measurement point these parameters are estimated
using Eqs. 3.9 and 3.10 and given in Figures 4.1 and 4.2 for an oil and a gas
reservoir respectively.
Table 4.1 – Reservoir parameters considered in Synthetic case 1.
Pi (psi) Porosity Permeability
(mD)
Thickness
(ft)
Pbh
(psi)
Rate
(STB/D)
Time
(hr)
5000 0.3 0.0001 30 2500 1000
(1000
MSCF/D
for gas)
240
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Figure 4.1: Synthetic Case 1 – Oil reservoir, Change of parameters b and D with
respect to time.
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Figure 4.2: Synthetic Case 1 – Gas reservoir, Change of parameters b and D with
respect to time.
As it is shown by Figures 4.1 and 4.2, in the early part of the data b and D values are
scattered. At around 50 hr, a trend line forms and a constant number for b values and
steady descending trend line for D values exist for an infinite acting system. Note
that b values greater than one is not acceptable for a hyperbolic decline. Although b
values seem to be constant, careful examination reveals that b actually changes as D
parameters is decreasing with a lower rate with time.
Now we fit the synthetic data with the other methods explained in the previous
sections. Figures 4.3 and 4.4 show the match of Str (Stretch exponential), Hyp
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(Hyperbolic), Doung, and LG (Logistic growth) modelswith the synthetic rate data.
Tables 4.2 and 4.3 gives the estimated parameters associated with each method for
an oil and a gas reservoir. Coefficient of determination (R2) was estimated for each
method. R2 values indicate how well data points fit a curve (Closer the R2 value to
one, better the fit). All of them exhibit similar match as the coefficient of
determination values are very close as given by Table 4.4.
Figure 4.3: Synthetic Case 1 – Production history of an infinite acting oil reservoir
matched with different methods.
Figure 4.4: Synthetic Case 1 – Production history of aninfinite acting gas reservoir
matched with different methods.
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Table 4.2: Synthetic Case 1 – Oil reservoir, estimated parameters for different
methods.
Hyp Str Doung LG
b 3 n 0.171 m 0.41 n 0.83
D 0.095 τ 0.63 a 56.3 a 13
Table 4.3: Synthetic Case 1 – Gas reservoir, estimated parameters for different
methods.
Hyp Str Doung LG
b 2.8 n 0.183 m 0.325 n 0.85
D 0.097 τ 0.59 a 54.7 a 17
Table 4.4: Synthetic Case 1 – Oil reservoir, R2 values for rate match of different
methods.
Model Hyp Str Doung LG
R2 0.993 0.989 0.981 0.985
Table 4.5: Synthetic Case 1 – Gas reservoir, R2 values for rate match of different
methods.
Model Hyp Str Doung LG
R2 0.99 0.987 0.983 0.986
The nature of tight gas reservoirs and mechanisms by which, these reservoirs usually
produce gas result in a long transient response. Since DCA predicts well production
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in pseudo-steady state conditions, the estimation of the well performances for a shale
gas reservoirs needs a specific approach. Results indicate that in infinite acting
system, trend line followed by hyperbolic system with b values greater than 1. In
addition, all the other methods matches the data except at very early times.
In reality, no reservoir is infinite acting. Only in the transient region, the reservoirs
act as if they were unbounded. In this example, we showed that with these methods,
it is possible to model the transient behavior in a reasonable way, however, it would
be not be reasonable to expect for a real reservoir to behave infinitely for all its
lifetime. At this point none of the methods differs from the others.
4.2 Synthetic Case 2
In second case, a vertical well in a circle reservoir is considered. In the analytical
model, wellbore storage and skin are neglected. The well is produced at a constant
bottom-hole pressure and flow rates are calculated. The parameters considered are
given by Table 4.1. Synthetic data are generated considering both oil and gas
reservoirs.
The data are analyzed using hyperbolic model. The idea behind this example is to
observe the changes in parameters b and D of hyperbolic model in a bounded system.
At each measurement point, these parameters are estimated and shown in Figures
4.1 and 4.2 for an oil and a gas reservoir respectively.
Table 4.6: Reservoir parameters considered in Synthetic Case 2.
Pi
(psi)
Porosity Permeability
(mD)
Thickness
(ft)
Pbh
(psi)
Rate
(STB/D)
Time
(hr)
r
(ft)
5000 0.3 0.0001 30 2500 1000
(1000
MSCF/D
for Gas)
240 400
Figure 4.3 and 4.4 show the estimated b and D values for a circular reservoir with no
flow boundary. Considering parameter D, a descending trend is visible before
reaching the boundary (in the transient region). But after reaching the boundary, the
22
constant value for D indicates an exponential decline. Note that estimated values of b
are zero because the derivative of the D parameter with respect to time is zero.
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Figure 4.5: Synthetic Case 2 – Estimated D vs time in a circular oil reservoir with no
flow boundary.
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Figure 4.6: Synthetic Case 2 – Estimated D vs Time in a circular gas reservoir with
no flow boundary.
The other models are tested with the same data. Tables 4.7 and 4.8 give the
estimated parameters associated with each model. Figures 4.7 and 4.8 show the
results. At late times,all the models match the data.In the transient region,before the
pressure drop wave reaches to the boundary models respond very well too. Tables
4.9 and 4.10 indicated the R2 values for each match.
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Figure 4.7: Synthetic Case 2 – Production history of a circular oil reservoir with no
flow boundary matched with different methods.
Figure 4.8: Synthetic Case 2 – Production history matched with different methods.
Table 4.7: Synthetic Case 2 – Oil reservoir, estimated parameters for different
methods.
Hyp Str Doung LG
b 0 n 1 m 0.0003 n 0.86
D 0.8 τ 0.21 a 18 a 17.36
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Table 4.8: Synthetic Case 2 – Gas reservoir, estimated parameters for different
methods.
Hyp Str Doung LG
b 0 n 1 m 0 n 0.83
D 0.83 τ 0.208 a 16 a 16.8
As expected all the methods matches the data except at very early times. The decline
behavior of the reservoir is represented equally well with all the methods.
Table 4.9: Synthetic Case 2 – Oil reservoir, R2 values for rate matches of different
methods.
Model Hyp Str Doung LG
R2 0.996 0.995 0.993 0.995
Table 4.10: Synthetic Case 2 – Gas reservoir, R2 values for rate matched of different
methods.
Model Hyp Str Doung LG
R2 0.996 0.997 0.993 0.996
4.3 Synthetic Case 3
Shale gas and tight gas reservoirs exhibit long transient periods (Ilk, 2010). These
unconventional reservoirs have different production mechanisms as explained in the
previous chapters. Besides, these reservoirs have extremely low permeabilities,
however, it is not clear if these unorthodox production mechanisms have an effect on
the long transient periods associated with production from these reservoir. In this
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example, we solely investigated the effect of permeability on the time to reach the
boundary for a circular reservoir. Different permeability values are considered and
time to reach pseudo steady state is investigated.
Synthetic data are generated using Ecrin-Saphir. Then the data are analyzed using
Ecrin-Topaze. We used hyperbolic relation for the analysis. In high permeability
values as seen in Figure 4.9 pressure drop wave reaches to the boundary of reservoir
much more rapidly compared to the cases with a lower permeability.The other
parameters of assumed reservoir are given in Table 4.11.
Table 4.11: Reservoir parameters considered in Synthetic Case 3.
Pi (psi) Wellbore
Storage
Temperature
(F)
Thickness
(ft)
Pbh
(psi)
Time
(hr)
R
(ft)
3000 No 100 30 1500 8760 400
Figure 4.9 shows the effect of permeability on the production history. As the
permeability decreases time to reach steady state decreases.
Figure 4.9: Synthetic case 3 – Production history of cases with different
permeability values.
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For the cases permeability is larger than 10 mD (9.86x10-12 m2), the trend line is
typical. A transient region followed by a boundary dominated region where an
exponential decline is observed in the limit of time chosen.
In another cases where permeability is smaller than 30 mD (2.96x10-11 m2), we do
not observe any boundary dominated region within the maximum time assumed.
Time to reach the boundary dominated region is a strong function of permeability.
Tabe 4.12 shows b and D values for all these cases.
Table 4.12: Synthetic Case 3 – Estimated valued of b and D for the cases with
different permeability.
k(mD) 100 90 80 70 60 50 40 30 10 1
b 0 0 0 0 0 0 0 0.12 2 2
D 3.5 3.18 2.86 3.34 3.09 3.28 2.84 3.28 1.52 1.47
Additionally, we extracted the end time of transient region for each case of
permeability. Timeto reach boundary dominated flow are listed in Table 4.13. When
permeability is plotted with respect to time to reach boundary dominated flow, as
shown in Figure 4.10, indicates a power law trend.
Figure 4.10: Effect of permeability on the duration of transient period.
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Table 4.13: Synthetic case 3 – Duration of transient period with respect to
permeability.
k, mD 5 30 40 50 60 70 80 90 100 500
Time to
reach
boundary,
hr
2000 375 286 200 126 100 98 85 80 20
As it is clearly illustrated in this example, even for a conventional reservoir with
conventional production mechanisms, low permeability values leads to extremely long
transient flow periods. In our example, if we consider a typical value of permeability for a
tight gas reservoir, 0.001mD (9.86x10-16 m2), and the expected time to reach the boundary
would be 30739133 hours (3509 years) based on our correlation.
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5. FIELD CASES
In this section, we analyzednine field cases where surface flow rate and surface
pressure data were taken from individual wells producing in a tight gas reservoir. All
the wells are vertical and the permeability of the field is known to be in the vicinity
of 0.001 mD (9.86x10-16 m2). The production data from these wells are analyzed with
DCA methods considered in this study. All the methods are applied and compared on
a well-to-well basis.
For the hyperbolic method, two distinct ways of application are considered;
estimation of parameters in a least square sense (this method is called LSQ
throughout the test), and estimating parameters at each point then calculating the
arithmetic average of the parameter removing outliers (this method is referred to as
Hyp. throughout the text).
All the wells considered in this part was produced at a constant bottom hole pressure
for some time of production, then the bottom hole pressure was reduced to a lower
value and the production continued with that value. All the wells exhibit two distinct
bottom hole pressures.  At this point, it is not clear if this step-wise change in
bottom-hole pressure have a profound effect on the outcome of DCA or not. One
way to remove these effects is to apply rate-pressure deconvolution; however
deconvolution is not in the scope in this study. In this text, we ignored the change in
bottom-hole pressure.
We used different types of graphs, plotted with production and pressure data. Each of
these graphs has special usage in analyzing data. The first graph is a history plot.This
is visualization plot and is not an analystic plot. Changes that exist in flowrate or
pressure are seen clearly in this plot. A smoothing method is applied for flowrate to
eliminate unwanted data. This smoothing method is described in details in Appendix
A. Second plot is adiagnostic data analysis plot. Rate normalized pseudo-
pressuredrop function versus materialbalance pseudo time is plotted. Appendix B
shows the appropriate equations and methods for the estimation of rate normalized
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pseudo-pressuredrop function and materialbalance pseudo time. This plot used for
diagnostic purposes. It was necessary to smooth the data to be able plot the data
properly. The details of smoothing is explained in Appendix A. While estimating the
derivative of the rate normalized pseudo pressure drop function, outliers have a
profound effect, as the numerical derivation is very sensitive to outliers. Thus,
smoothing was necessary. For the cases where the data was matched original data
was used.
The other plots showArp’s classical hyperbolic analysis. Here we apply classical
hyperbolic analysis in twodistinct ways. First at each point, b and D parameters are
estimated and the change of these parameters with respect to time is observed. Then
arithmetic average of parameters b and D is taken after removing outliers for
production forecast. This approach is especially necessary for unconventional
reservoir as they exhibit long transient periods. Later the method is applied in a
classical manner. The data is fitted to a hyperbolic model and a single set of b and D
parameter is estimated.
Figures following Arp´s analysis are final history matching plots where all four
models are compared with each other and field data. Flowrates versus time and
cumulative production show differences among methods in long term.
5.1 Field Example —Well 1
In this case we have about 4 years production data. As shown in Fig. 5.1 the
production data are continuous and there are just a few points which can be out of
general trend. The production data in Fig. 5.1 are smoothed as explained in
Appendix A. This was necessary to be able to plot the diagnostic plot. While
estimating the derivative of the rate normalized pseudo pressure function, outliers
have a profound effect, as the numerical derivation is very sensitive to outliers. Thus,
smoothing was necessary. For the cases where the data are matched original data was
used.
Figure 5.2 is diagnostic plot and the most important plot in procedure. Model of
reservoir and it’s parameters can be obtained from this plot such as fracture
conductivity or half-length, flow regime, etc. In this case half slope of the pseudo
pressure drop and it’s derivative as shown,indicates an infinite conductivity
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hydraulically fractured well. The well is in the linear flow regime. No boundary
effects are observed.
Figure 5.3 shows the match between hyperbolic model and data. When fitted in a
least squares sense, b and D parameters are estimated as 0.593 and 0.0011 (1/Day),
respectively. Just by looking at those parameters leads to a misleading conclusion.
The values of b is acceptable as it is between 0 and 1 and may indicate a boundary
dominated flow; however, as it is indicated by the diagnostic graph, Fig. 5.2, no
boundary effects are visible. Figure 5.4 shows the change of b and D with respect to
time. Here, those parameters are estimated at each measurement point. The results
indicate no visible trend in neither b nor D. Thus, it is concluded that pressure wave
has not reached the boundary yet.
Next, the other methods are applied. R2 values and estimated parameters for each
method are given in Tables 5.1 and 5.2, respectively. All the methods are
extrapolated to 6500 days of production. The total production time is chosen
arbitrary as the abandonment rate is not known. Note that, for our purposes the time
to end the production is trivial. Rate and cumulative production history are shown in
Fig. 5.5 and Fig. 5.6 respectively. The final cumulative production values at the end
of 6500 days are compared in Table 5.2.
Compared with R2 values, all the methods matches the data equally well. In addition,
the estimated cumulative production values are very close but LG and Doung
methods yield slightly more conservative results.
Figure 5.1: Well 1 – Production history plot.
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Figure 5.2: Well 1 – Diagnostic data analysis plot.
Figure 5.3: Well 1 – Arp’s hyperbolic plot.
Figure 5.4: Well 1 – Change of hyperbolic decline parameters b and D with respect
to time.
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Figure 5.5: Well 1 – Extrapolated flow rates for 6500 days with methods considered.
Figure 5.6: Well 1 – Cumulative production forecast estimated with different
methods at 6500 days.
Table 5.1: Well 1 – Estimated parameters for each model.
Hyp Str Doung LG
b 6 n 0.12 m 0.20 n 0.58
D 0.0082 τ 0.71 a 78.3 A 39
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Table 5.2: R2 values for rate match for well 1 for all methods.
Method Str Hyp Doung LG LSQ
R2 0.996 0.998 0.985 0.989 0.978
Table 5.3: Well 1 – Cumulative production values for each method.
Method Hyp Str Doung LG
Gp, MSCF 2519379 2471517 2353297 2351917
5.2 Field Example — Gas Well 2
In this case we have about 5 years of continuous production data as shown in Fig.
5.7. There are just a few points, which are out of the general trend, have been
removed by smoothing.
Figure 5.8 gives the diagnostic plot. The rate normalized pseudo pressure drop and
its derivative indicate an infinite conductivity fracture. Half slope lines are typical of
a fractured well. At around 1200 days (material balance pseudo time), derivative
curve starts to deviate from linear flow, reaching two-slope towards the end.
Production history indicates a change in bottom-hole pressure at around 1400 days.
The deviation in the derivative could be a distortion resulting from the change in
bottom-hole pressure. This point needs further investigation.
Figure 5.9 shows the hyperbolic analysis in least square sense. Estimated
parametersare in the acceptable limit (b=0.47 and D=0.0014 (1/Day)); however,
again there is no indication of a boundary in the diagnostic plot. Also, Fig. 5.10
shows that b and D values deviates without a trend line. Next, other methods are
applied. R2 values and estimated parameters for each method are given in Tables 5.4
and 5.5, respectively. All the methods are extrapolated to 6500 days of production.
Rate and cumulative production history are shown in Fig. 5.11 and Fig. 5.12
respectively.
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Figure 5.7: Well 2 – Well production history plot.
Figure 5.8: Well 2 – Diagnostic data analysis plot.
Figure 5.9: Well 2 – Arp’s hyperbolic plot.
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Figure 5.10: Well 2 – Change of hyperbolic decline parameters b and D with respect
to time.
Figure 5.11: Well 2 – Extrapolated flow rates for 6500 days with methods
considered.
Figure 5.12: Well 2 – Cumulative production forecast estimated with different
methods at 6500 days.
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Table 5.4: R2 values for rate matchfor well 1 for all methods.
Method Str Hyp Doung LG LSQ
R2 0.981 0.983 0.954 0.972 0.945
Table 5.5: Well 2 – Estimated parameters for each model.
Hyp Str Doung LG
b 7.4 n 0.11 m 0.18 n 0.42
D 0.0065 τ 0.69 a 81.4 A 32
The final cumulative production values at the end of 6500 days are compared in
Table 5.6. Again all the methods applied yield very similar results of rate match and
cumulative production.
Table 5.6: Well 2 – Cumulative production values for each method.
Method Hyp Str Doung LG
Gp, MSCF 3279142 3139005 3104772 3138148
5.3 Field Example — Gas Well 3
In this case we have about 4 years of continuous production data as it is shown in
Figure 5.13. There are just a few points, which are out of the general trend, have
been removed by smoothing.
Fig. 5.14 gives the diagnostic plot. The rate normalized pseudo pressure drop and its
derivative indicates an infinite conductivity fracture. Half slope both lines exhibit is
typical of a fractured well. At around 1200 days (material balance pseudo time),
derivative curve starts to deviate from linear flow, reaching two slope towards the
end. Production history indicates a change in bottom-hole pressure at around 1100
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days. The deviation in the derivative could be a distortion resulting from the change
in bottom-hole pressure.
Figure 5.15 shows the hyperbolic analysis in least square sense. Estimated
parametersare in the acceptable limit (b=1.08 and D=0.0030 (1/Day)); however,
again there is no indication of a boundary in the diagnostic plot. Also Figure 5.16
shows that b and D values deviates without a trend line. Next, other methods are
applied. R2 values and estimated parameters for each method are given in Tables 5.7
and 5.8, respectively. All the methods are extrapolated to 6500 days of production.
Rate and cumulative production history are shown in Fig. 5.17 and Fig. 5.18
respectively. The final cumulative production values at the end of 1100 days are
compared in Table 5.9. Again all the methods applied yield very similar results of
rate match and cumulative production.
Figure 5.13: Well 3 – Well production history plot.
Figure 5.14: Well 3 – Diagnostic data analysis plot.
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Figure 5.15: Well 3 – Arp’s hyperbolic plot.
Figure 5.16: Well 3 – Change of hyperbolic decline parameters b and D with respect
to time.
Figure 5.17: Well 3 – Extrapolated flow rates for 6500 days with methods
considered.
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Figure 5.18: Well 3 – Cumulative production forecast estimated with different
methods at 6500 days.
Table 5.7: R2 values in well 3 for all 4 methods.
Method Str Hyp Doung LG LSQ
R2 0.991 0.994 0.979 0.984 0.975
Table 5.8: Well 3 – Estimated parameters for each model.
Hyp Str Doung LG
b 6.2 n 0.14 m 0.23 n 0.56
D 0.0079 τ 0.52 a 72.01 A 41
Table 5.9: Well 3 – Cumulative production values for each method.
Method Hyp Str Doung LG
Gp, MSCF 4043016 4040858 4040320 4040786
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5.4 Field Example — Gas Well 4
In this case we have about 4 years of continuous production data as it is shown in
Figure 5.19. There are just a few points, which are out of the general trend, have
been removed by smoothing.
Figure 5.20 gives the diagnostic plot. The rate normalized pseudo pressure drop and
its derivative indicates an infinite conductivity fracture. Half slope both lines exhibit
is typical of a fractured well. At around 1300 days (material balance pseudo time),
derivative curve starts to deviate from linear flow, reaching two slope towards the
end. Production history indicates a change in bottom-hole pressure at around 1200
days. The deviation in the derivative could be a distortion resulting from the change
in bottom-hole pressure.
Figure 5.21 shows the hyperbolic analysis in least square sense. Estimated
parametersare in the acceptable limit (b=0.39 and D=0.0014 (1/Day)); however,
again there is no indication of a boundary in the diagnostic plot. Also Figure 5.22
shows that b and D values deviates without a trend line. Next, other methods are
applied. R2 values and estimated parameters for each method are given in Tables
5.10 and 5.11, respectively. All the methods are extrapolated to 6500 days of
production. Rate and cumulative production history are shown in Fig. 5.23 and Fig.
5.24 respectively. The final cumulative production values at the end of 6500 days are
compared in Table 5.12. Again all the methods applied yield very similar results of
rate match and cumulative production.
Figure 5.19: Well 4 – Well production history plot.
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Figure 5.20: Well 4 – Diagnostic data analysis plot.
Figure 5.21: Well 4 – Arp’s hyperbolic plot.
Figure 5.22: Well 4 – Change of hyperbolic decline parameters b and D with respect
to time.
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Figure 5.23: Well 4 – Extrapolated flow rates for 6500 days with methods
considered.
Figure 5.24: Well 4 – Cumulative production forecast estimated with different
methods at 6500 days.
Table 5.10: Well 4 – Estimated parameters for each model.
Hyp Str Doung LG
b 5.9 n 0.18 m 0.34 n 0.4
D 0.0074 τ 0.62 a 73.5 A 36
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Table 5.11: R2 values in well 4 for all 4 methods.
Method Str. Hyp. Doung LG LSQ
R2 0.989 0.992 0.978 0.981 0.963
Table 5.12: Well 4 – Cummulative production values for each method.
Method Hyp Str Doung LG
Gp, MSCF 3140713 3120916 3066471 3094354
5.5 Field Example — Gas Well 5
In this case, we have about 4 years of continuous production data as shown in Fig.
5.25. There are just a few points, which are out of the general trend, have been
removed by smoothing.Figure 5.26 gives the diagnostic plot. The rate normalized
pseudo pressure drop and its derivative indicates an infinite conductivity fracture.
Half slope both lines exhibit is typical of a fractured well. At around 1200 days
(material balance pseudo time), derivative curve starts to deviate from linear flow,
reaching two slope towards the end. Production history indicates a change in bottom-
hole pressure at around 1000 days. The deviation in the derivative could be a
distortion resulting from the change in bottom-hole pressure.
Figure 5.27 shows the hyperbolic analysis in least square sense. Estimated
parametersare in the acceptable limit (b=0.46 and D=0.0027 (1/Day)); however,
again there is no indication of a boundary in the diagnostic plot. Also, Figure 5.28
shows that b and D values deviates without a trend line. Next, other methods are
applied. R2 values and estimated parameters for each method are given in Tables
5.13 and 5.14, respectively. All the methods are extrapolated to 6500 days of
production. Rate and cumulative production history are shown in Fig. 5.29 and Fig.
5.30 respectively. The final cumulative production values at the end of 6500 days are
compared in Table 5.15. Again all the methods applied yield very similar results of
rate match and cumulative production.
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Figure 5.25: Well 5 – Well production history plot.
Figure 5.26: Well 5 – Diagnostic data analysis plot.
Figure 5.27: Well 5 – Arp’s hyperbolic plot.
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Figure 5.28: Well 5 – Change of hyperbolic decline parameters b and D with respect
to time.
Figure 5.29: Well 5 – Extrapolated flow rates for 6500 days with methods
considered.
Figure 5.30: Well 5 – Cumulative production forecast estimated with different
methods at 6500 days.
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Table 5.13: R2 values in well 5 for all 4 methods.
Method Str Hyp Doung LG LSQ
R2 0.969 0.973 0.951 0.962 0.938
Table 5.14: Well 5 – Estimated parameters for each model.
Hyp Str Doung LG
b 4.1 n 0.25 m 0.39 n 0.65
D 0.0091 τ 0.55 a 68.4 A 54
Table 5.15: Well 5 – Cumulative production values for each method.
Method Hyp Str Doung LG
Gp, MSCF 1684507 1680301 1679430 1679980
5.6 Field Example — Gas Well 6
In this case we have about 4 years of continuous production data as it is shown in
Figure 5.31. There are just a few points, which are out of the general trend, have
been removed by smoothing.
Figure 5.32 gives the diagnostic plot.In this case it is hard to observe the trends
because of the distortion in derivative. Not clearly but again linear flow of infinite
conductivity fracture is visible. At around 500 days (material balance pseudo time),
derivative curve starts to linearize with zero slope. This could indicate pseudo radial
flow. This period is followed by 2 slope. Production history indicates a change in
bottom-hole pressure at around 1100 days. The deviation in the derivative could be a
distortion resulting from the change in bottom-hole pressure.
Figure 5.33 shows the hyperbolic analysis in least square sense. Estimated
parametersare in the acceptable limit (b=0.64 and D=0.0013 (1/Day)); however,
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again there is no indication of a boundary in the diagnostic plot. Also, Figure 5.34
shows that b and D values deviates without a trend line. Next, other methods are
applied. R2 values and estimated parameters for each method are given in Tables
5.16 and 5.17, respectively. All the methods are extrapolated to 6500 days of
production. Rate and cumulative production history are shown in Fig. 5.35 and Fig.
5.36 respectively. The final cumulative production values at the end of 6500 days are
compared in Table 5.18. Again all the methods applied yield very similar results of
rate match and cumulative production.
Figure 5.31: Well 6 – Well production history plot.
Figure 5.32: Well 6 – Diagnostic data analysis plot.
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Figure 5.33: Well 6 – Arp’s hyperbolic plot.
Figure 5.34: Well 6 – Change of hyperbolic decline parameters b and D with respect
to time.
Figure 5.35: Well 6 – Extrapolated flow rates for 6000 days with methods
considered.
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Figure 5.36: Well 6 – Cumulative production forecast estimated with different
methods at 6500 days.
Table 5.16: Well 6 – Estimated parameters for each model.
Hyp Str Doung LG
b 4.3 n 0.23 m 0.36 n 0.79
D 0.0095 τ 0.63 a 67.9 A 63
Table 5.17: R2 values in well 6 for all 4 methods.
Method Str Hyp Doung LG LSQ
R2 0.972 0.974 0.955 0.967 0.909
Table 5.18: Well 6 – Cumulative production values for each method.
Method Hyp Str Doung LG
Gp, MSCF 1026426 1008179 996852 999135
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5.7 Field Example — Gas Well 7
In this case we have about 4 years of continuous production data as it is shown in
Figure 5.37. There are just a few points, which are out of the general trend, have
been removed by smoothing.
Figure 5.38 gives the diagnostic plot. The rate normalized pseudo pressure drop and
its derivative indicates an infinite conductivity fracture followed by pseudo radial
flow following 2 slope in the derivatie.At around 1000 days (material balance pseudo
time), derivative curve starts to deviate from linear flow, reaching two slope towards
the end. Production history indicates a change in bottom-hole pressure at around
1100 days. The deviation in the derivative could be a distortion resulting from the
change in bottom-hole pressure.
Figure 5.39 shows the hyperbolic analysis in least square sense. Estimated
parametersare in the acceptable limit (b=1.34 and D=0.0231 (1/Day)); however,
again there is no indication of a boundary in the diagnostic plot. Also, Figure 5.40
shows that b and D values deviates without a trend line. Next, other methods are
applied. R2 values and estimated parameters for each method are given in Tables
5.19 and 5.20, respectively. All the methods are extrapolated to 6500 days of
production. Rate and cumulative production history are shown in Fig. 5.41 and Fig.
5.42 respectively. The final cumulative production values at the end of 6500 days are
compared in Table 5.21. Again all the methods applied yield very similar results of
rate match and cumulative production.
Figure 5.37: Well 7 – Well production history plot.
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Figure 5.38: Well 7 – Diagnostic data analysis plot.
Figure 5.39: Well 7 – Arp’s hyperbolic plot.
5.40: Well 7 – Change of hyperbolic decline parameters b and D with respect to
time.
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Figure 5.41: Well 7 – Extrapolated flow rates for 6000 days with methods
considered.
Figure 5.42: Well 7 – Cumulative production forecast estimated with different
methods at 6500 days.
Table 5.19: Well 7 – Estimated parameters for each model.
Hyp Str Doung LG
b 3.5 n 0.34 m 0.43 n 0.54
D 0.0055 τ 0.41 a 85.3 A 45
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Table 5.20: R2 values in well 7 for all 4 methods.
Method Str Hyp Doung LG LSQ
R2 0.988 0.991 0.979 0.984 0.962
Table 5.21: Well 7 – Cumulative production values for each method.
Method Hyp Str Doung LG
Gp, MSCF 2322000 2282735 2195640 2234646
5.8 Field Example — Gas Well 8
In this case we have about less than a year of continuous production data as it is
shown in Figure 5.43. There are just a few points, which are out of the general trend,
have been removed by smoothing.
Fi.g 5.44 gives the diagnostic plot. The rate normalized pseudo pressure drop and its
derivative indicates an infinite conductivity fracture. Half slope both lines exhibit is
typical of a fractured well.
Figure 5.45 shows the hyperbolic analysis in least square sense. Estimated
parametersare in the acceptable limit (b=0.55 and D=0.0205 (1/Day)); however,
again there is no indication of a boundary in the diagnostic plot. Also, Figure 5.46
shows that b and D values deviates without a trend line. Next, other methods are
applied. Note that in this case our Str. script failed to produce any results. Various
attempts fail so this method was excluded in this case. R2 values and estimated
parameters for each method are given in Tables 5.22 and 5.23, respectively. All the
methods are extrapolated to 1500 days of production. Rate and cumulative
production history are shown in Fig. 5.47 and Fig. 5.48 respectively. The final
cumulative production values at the end of 1500 days are compared in Table 5.24.
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Again all the methods applied yield very similar results of rate match and cumulative
production.
Figure 5.43: Well 8 – Well production history plot.
Figure 5.44: Well 8 – Diagnostic data analysis plot.
Figure 5.45: Well 8 – Arp’s hyperbolic plot.
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Figure 5.46: Well 8 – Change of hyperbolic decline parameters b and D with respect
to time.
Figure 5.47: Well 8 – Extrapolated flow rates for 6000 days with methods
considered.
Figure 5.48: Well 8 – Cumulative production forecast estimated with different
methods at 1500 days.
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Table 5.22: R2 values in well 8 for all 4 methods.
Method Str. Hyp. Doung LSQ
R2 0.952 0.956 0.935 0.933
Table 5.23: Well 8 – Estimated parameters for each model.
Hyp Str Doung LG
b 3.2 n 0.45 m 0.46 n 0.83
D 0.0120 τ 0.50 a 54.2 A 58
Table 5.24: Well 8 – Cumulative production values for each method.
Method Hyp Str Doung LG
GP, MSCF 1588015 1584695 1580865 1582432
5.9 Field Example — Gas Well 9
In this case we have about 4 years of continuous production data as it is shown in
Figure 5.49. There are just a few points, which are out of the general trend, have
been removed by smoothing.
Fig. 5.50 gives the diagnostic plot.In this case it is hard to observe the trends because
of the distortion in derivative. Not clearly but again linear flow of infinite
conductivity fracture is visible. At around 500 days (material balance pseudo time),
derivative curve starts to linearize with zero slope. This could indicate pseudo radial
flow. This perido is followed by 2 slope. At around 1000 days (material balance
pseudo time), derivative curve starts to deviate from linear flow, reaching two slope
towards the end. Production history indicates a change in bottom-hole pressure at
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around 1100 days. The deviation in the derivative could be a distortion resulting
from the change in bottom-hole pressure..
Figure 5.51 shows the hyperbolic analysis in least square sense. Estimated
parametersare in the acceptable limit (b=0.47 and D=0.0014 (1/Day)); however,
again there is no indication of a boundary in the diagnostic plot. Also, Figure 5.52
shows that b and D values deviates without a trend line. Next, other methods are
applied. R2 values and estimated parameters for each method are given in Tables
5.25 and 5.26, respectively. All the methods are extrapolated to 6500 days of
production. Rate and cumulative production history are shown in Fig. 5.53 and Fig.
5.54 respectively. The final cumulative production values at the end of 6500 days are
compared in Table 5.27. Again all the methods applied yield very similar results of
rate match and cumulative production.
Figure 5.49: Well 9 – Well production history plot.
Figure 5.50: Well 9 – Diagnostic data analysis plot.
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Figure 5.51: Well 9 – Arp’s hyperbolic plot.
Figure 5.52: Well 9 – Change of hyperbolic decline parameters b and D with respect
to time.
Figure 5.53: Well 9 – Extrapolated flow rates for 6500 days with methods
considered.
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Figure 5.54: Well 9 – Cumulative production forecast estimated with different
methods at 6500 days.
Table 5.25: R2 values in well 9 for all 4 methods.
Method Str. Hyp. Doung LG LSQ
R2 0.965 0.968 0.935 0.95 0.916
Table 5.26: Well 9 – Estimated parameters for each model.
Hyp Str Doung LG
b 3 n 0.43 m 0.52 n 0.71
D 0.0009 τ 0.81 a 59.8 A 68
Table 5.27: Well 9 – Cumulative production values for each method.
Method Hyp Str Doung LG
GP, MSCF 571933 566670 554938 560361
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6. CONCLUSIONS AND RECOMMENDATIONS
In this study, four different DCA methods are considered and compared with
synthetic examples and field data from nine tight gas wells. For each method,
computer scriptsare written in MATLAB. Also, ECRIN software is used for
synthetic data generation. All nine wells are analyzed with rate and cumulative
production forecasts. Based on this study following conclusions are drawn:
 In all the field cases, rate normalized pseudo pressure drop and its derivative
indicates linear flow a signature of infinite conductivity fracture. Also, nearly
in all the cases, it is observed that linear flow is followed by two slope in the
derivative of rate normalized pseudo pressure drop. In three cases, wells 6, 7,
and 9 namely, pseudo radial flow is observed. Again, pseudo radial flow is
followed by two-slope in the derivative. To our knowledge, there is no model
exhibiting two-slope at the late times in the derivative. At this point, we think
that the change in bottom-hole pressure could have an effect on the derivative
behavior leading to two slope. Note that in all the cases bottom-hole pressure
is halved at some time after production started. This point needs to be further
investigated.
 Another important observation is the misleading results that conventional
hyperbolic analysis could lead. In most of the cases, when hyperbolic analysis
applied in a traditional manner could mislead to a conclusion that the wells
are in the boundary dominated region as b parameters resides between 0-1.
On the other hand, when b and D parameters are estimated at each point, no
indication of a trend is observed. Combining this observation with the results
of diagnostic plot we concluded that the wells are not in the boundary
dominated region. We suggest care in applying traditional hyperbolic
analysis.
 Comparing all the other DCA method, they yielded similar results in rate
matches and cumulative production forecasts. All the methods fitted both
transient and pseudo steady state region equally well. Note that Str, Doung,
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and LG models do not have the limitation of traditional hyperbolic method at
least in a mathematical sense.
Based on the finding of this study we recommend the following for future
studies.
 Effect of change in bottom-hole pressure on the DCA analysis needs to be
investigated.
 Two-slope all the wells indicate could point out a unique mathematical
model for these kind of reservoirs. A different model could be suggested
for such systems.
 For the DCA analysis of unconventional reservoirs a model should take
into account the changes in b and D with respect to time. We think that
LG model could be modified in such a manner.
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APPENDIX A.
We used a smoothing method for production data to prepare them for the analysis. In
this method we first fit a power trend line (or logarithmic) to the data then based on
this trend line, outliers are removed.
Figure A.1: Well 1 – Logarithmic trend line of original flowrate.
This trendline gives us a formula which follows the main trend of the flowrate. Here
x axis is time in the formula. We ignore data pointshaving percent error larger than
0.2 (in some cases 0.3) based on the trendline. These outliers areremovedfromthe
data set. New smoothed original data set will be ready and send to further analysis.
Figure A.2 gives the comparison of the original and smoothed data sets for Well 1.
Figure A.2: Well 1 – Original data set in comparison with smoothed set.
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APPENDIX B
This section briefly explains the method for calculating rate normalized pressure
drop and material balance time. This is needed to plot the diagnostic plot. Pressure
drop is normalized with rate and material balance time is used so that classical
pressure transient analysis techniques could be used (Agarwall, 1999).
Pseudo pressure transform was necessary in order to linearize the problem. Here P2
transform is chosen as the pressure at the bottom-hole is lower than 2500 psia.
Pseudo pressure drop is calculated from Eq. B.1.
 
    22i bh
ppt
i
P P t
P t
P

  (B.1)
Here Pi is the initial pressure value of reservoir,Pbh is bottom pressure, and ΔPppt is
the pseudo pressure drop.
Material balance pseudo time is the ratio of cumulative production at a giventime
divided by production rate at that point in time.
   
Material Balance Time  = p
G
t
q t
(B.2)
Pseudo pressure drop is normalized with rate by dividing pseudo pressure drop with
rate as given by Eq. B.3.
    ppd
Rate Normalized ΔP ppt
P t
t
q t

 (B.3)
Next, the logarithmic derivative of rate normalized pseudo pressure drop is
calculated.
    
 
 
Derivative of Rate Normalized
ln
ppt ppt
ppd
P t P td dP t t
d t q t dt q t
    
        
   
(B.4)
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